SIP1, a Smad-interacting protein, and δEF1, a transcriptional repressor involved in skeletal and T-cell development, belong to the same family of DNA binding proteins. SIP1 and δEF1 contain two separated clusters of zinc fingers, one N-terminal and one C-terminal. These clusters show high sequence homology and are highly conserved between SIP1 and δEF1. Each zinc finger cluster binds independently to a 5Ј-CACCT sequence. However, high-affinity binding sites for fulllength SIP1 and δEF1 in the promoter regions of candidate target genes like Xenopus Xbra2, and human α4-integrin and E-cadherin, are bipartite elements composed of one CACCT and one CACCTG sequence, the orientation and spacing of which can vary. Using transgenic Xenopus embryos, we demonstrate that the integrity of these two sequences is necessary for correct spatial expression of a Xbra2 promoter-driven reporter gene. Both zinc finger clusters must be intact for the high-affinity binding of SIP1 to DNA and for its optimal repressor activity. Our results show that SIP1 binds as monomer and contacts one target sequence with the first zinc finger cluster, and the other with the second cluster. Our work redefines the optimal binding site and, consequently, candidate target genes for vertebrate members of the δEF1 family.
Introduction
Zinc fingers are among the most common DNA binding motifs found in eukaryotes. It is estimated that there are 500 zinc finger proteins encoded by the yeast genome and perhaps 1% of all mammalian genes encode such proteins. Zinc fingers can be found in many copies (up to 37) in proteins, and are often organized in tandem array, forming a single or multiple clusters. The prototype members of several families of transcription factors have the same overall structure by having two or three widely separated clusters of zinc fingers. One, the MBP/PRDII-BF1 family, includes Drosophila Schnurri and Spalt genes (Fan and Maniatis, 1990; van't Veer et al., 1992; Kuhnlein et al., 1994; Arora et al., 1995; Grieder et al., 1995) . Both MBP-1 (PRDII-BF1) and MBP-2 contain two separated clusters of two zinc fingers of the CCHH type. The neuralspecific zinc finger factors 1 and 3 (NZF-1 and NZF-3), as well as the myelin transcription factor 1 (MyT1, NZF-2), belong to another family whose members contain two separated clusters of CCHC zinc fingers (Kim and Hudson, 1992; Jiang et al., 1996; Yee and Yu, 1998) . The Drosophila Zfh-1 and the vertebrate δEF1 proteins (also known as ZEB or AREB6, in human) belong to a third family, which is characterized by the presence of two separated clusters of CCHH zinc fingers and a homeodomain-like segment (Fortini et al., 1991; Funahashi et al., 1993; Watanabe et al., 1993; Genetta et al., 1994) .
Common features can be seen for all the members of these three families of multi-zinc finger transcription factors. In each family, the different members have high sequence conservation within their respective zinc finger clusters. Furthermore, for all these proteins, the C-and N-terminal zinc finger clusters are highly conserved, and these clusters have been shown to bind to very similar target sequences. This suggests that these factors would bind to reiterated sequences, but in fact this specific feature remains to be demonstrated.
In general, the precise mode of DNA binding remains poorly understood for these multi-zinc finger proteins. Here we describe the DNA binding properties of δEF1 and SIP1. SIP1 is a novel member of the δEF1 family, which we recently isolated and characterized as a DNA binding transcriptional repressor that binds in a liganddependent fashion to receptor-activated Smads involved in bone morphogenetic protein (BMP) and activin/transforming growth factor (TGF)-β pathways (Verschueren et al., 1999) . Like δEF1, SIP1 contains two widely separated zinc finger clusters. One cluster (referred to as SIP1 NZF ) of four zinc fingers (three CCHH fingers and one CCHC finger) is located in the N-terminal part of the protein, and another cluster (named SIP1 CZF ) of three CCHH zinc fingers is present in the C-terminal part (Verschueren et al., 1999) . A high degree of sequence identity exists within the NZF (88%) and CZF (93%) clusters between SIP1 and δEF1, whereas the two proteins are significantly less conserved in the regions outside the zinc fingers (Verschueren et al., 1999) . This indicates that SIP1 and δEF1 may bind to similar DNA target sites and that each cluster plays an important role in the binding of the full-length proteins. Indeed, SIP1 CZF was shown to bind to several CACCT-containing sequences known to bind δEF1 (Verschueren et al., 1999) . In addition, the δEF1 NZF3ϩNZF4 subdomain shows high homology (67%) with the δEF1 CZF2ϩCZF3 subdomain (Funahashi et al., Table I . List of all the DNA probes used in this study Only the sequence of one strand of the probes is given. The CACCT and AGGTG sequences have been highlighted in bold. The spacing (right column) is the number of nucleotides, which separate the two CACCT sequences. Underlined gaps in some Xbra probes correspond to deletions of nucleotides from the wild-type (XbraWT) probe. For many probes, only the residues that have been changed compared with the wild-type probes are given in order to facilitate interpretation of the introduced mutations.
1993) and like δEF1 CZF , δEF1 NZF binds to very similar CACCT consensus sequences. The same homology can also be seen for SIP1, suggesting that SIP1 and δEF1 may bind to reiterated CACCT elements.
We report here that high-affinity binding sites for fulllength SIP1 and δEF1 are composed of two widely spaced CACCT sequences. In addition, the integrity of both zinc finger clusters is necessary for SIP1 to bind to its target, and SIP1 binds as a monomer. A new model for DNA binding for this family of transcription factors is proposed that may be extended to other factors containing multiple zinc finger clusters.
Results
Two CACCT sites are necessary for the binding of SIP1 to the Xbra2 promoter Overexpression of either SIP1 CZF or full-length SIP1 (SIP1 FS ) in Xenopus embryos repressed endogenous Xbra2 expression (Verschueren et al., 1999) . Both SIP1 CZF and full-length SIP1 were shown to bind to a 50 bp probe from the Xbra2 promoter (XbraWT; see Table I ) containing two CACCT sites (Verschueren et al., 1999) . In addition, mutation of the downstream CACCT was shown to abolish the binding of both full-length SIP1 and SIP1 CZF (Verschueren et al., 1999) . Therefore, this downstream site is necessary for the binding of full-length SIP1. To elucidate further the binding requirements of SIP1 polypeptides to this Xbra2 promoter, we compared their binding to XbraWT with binding to probes containing either the upstream (XbraF) or downstream (XbraE) CACCT sequence (Figure 1 ). We observed that SIP1 CZF bound to XbraE ( Figure 1A , lane 2) and XbraWT (lane 1) with equal affinity, but does not bind to XbraF (lane 3). Therefore, the downstream AGGTG site is essential for binding of SIP1 CZF , and SIP1 CZF binds exclusively to this site. Extracts containing SIP1 NZF displayed binding patterns similar to SIP1 CZF (data not shown). As in δEF1 (Ikeda and (E) Binding of SIP1 CZF and SIP1 FS to different hybrid probes. The different Xbra 32 P-labeled probes (10 pg) were incubated with 1 μg of total protein extract from COS1 cells transfected with pCS3-SIP1 CZF , pCS3-SIP1 FS or from mock-transfected cells. The SIP1 CZF -specific complexes are indicated with gray arrows and the SIP1 FS -specific complexes are indicated with a black arrow. In competition experiments, 5 and 50 ng of unlabeled DNA were added together with the labeled probe. All other (non-specific) complexes originated from DNA binding activities also present in mock-transfected COS1 cells. Kawakami, 1995; Sekido et al., 1997) , both zinc finger clusters of SIP1 thus have similar DNA binding features when tested individually.
SIP1 FS was shown previously to bind to XbraWT (Verschueren et al., 1999; included in Figure 1B , lane 1, as positive control). The amount of SIP1 CZF produced in COS cells was~50-fold higher than that of SIP1 FS ( Figure 1C) . However, the binding of SIP1 FS and SIP1 CZF 5075 to this probe was equally strong. This indicates that the affinity of SIP1 FS for XbraWT is at least 50 times higher than SIP1 CZF . Remarkably, and in contrast to SIP1 CZF and SIP1 NZF , which bound with similar affinities to XbraWT and XbraE, SIP1 FS did not bind to XbraE at all ( Figure 1B , lane 2). Like SIP1 CZF and SIP1 NZF , SIP1 FS did not bind to XbraF (lane 3). Moreover, competition experiments ( Figure 1D ) revealed that the presence of 50 ng of unlabeled XbraWT strongly reduced the binding of SIP1, whereas 50 ng of either unlabeled XbraE, XbraF or an unrelated GATA binding site did not affect it. We conclude that the downstream site (AGGTG) in the Xbra2 promoter, which was previously shown to be needed for binding of SIP1 FS (Verschueren et al., 1999) , is not sufficient because additional sequences upstream of XbraE are necessary.
One reason why SIP1 FS is unable to bind to XbraE may simply be the length of this probe, because it is shorter than XbraWT. To test this, we prepared another probe, equal in length to XbraWT, but containing a random sequence (Rdm) upstream of XbraE (RdmϩXbraE, Table I ). In contrast to SIP1 CZF , which bound efficiently to RdmϩXbraE ( Figure 1E , lane 6), SIP1 FS was unable to bind (lane 3). This result demonstrates that the length of the XbraE probe per se is not the cause of the failure of SIP1 FS to bind.
To substantiate whether XbraF also contains sequences necessary for the binding of SIP1 FS , we fused its sequence as well as a random sequence upstream of another CACCT site known to bind AREB6 protein strongly (Ikeda and Kawakami, 1995) (probes XbraFϩAREB6 and RdmϩAREB6, respectively). SIP1 CZF bound to both probes ( Figure 1E , lanes 4 and 5). However, SIP1 FS bound only to XbraFϩAREB6 ( Figure 1E , lane 1) but not to RdmϩAREB6 (lane 2). The only feature common to the XbraE and the AREB6 probes is the CAGGTGT sequence. We therefore conclude that no sequences other than this CAGGTGT in XbraE are necessary for the binding of SIP1 FS .
To map the sequences within XbraF that, in conjunction with XbraE, are required for the binding of SIP1 FS , we prepared a series of probes identical in length to XbraWT and containing adjacent triple mutations within the XbraF part. Only three of these triple mutations (i.e. L, M and N) affected the binding of SIP1 FS (Figure 2A ). These mutations all destroyed the upstream CACCT site present in XbraF. We also showed that SIP1 FS does not bind to XbraS, which contains a point mutation, changing CACCT into CATCT (Figure 2A , lane 12). This mutation is thus similar to the downstream AGATG mutation within XbraD, which was previously shown not to bind SIP1 FS (Verschueren et al., 1999; included in Figure 2A , lane 11, as control). The results indicate that SIP1 FS contacts both CACCT sites in the Xbra2 promoter.
To investigate the importance of these sites further, a DNA methylation interference assay was carried out ( Figure 2B ). The methylation of the three Gs of the downstream AGGTG (SIP DO ) and the three Gs of the upstream CACCT (SIP UP ) was significantly lower in the SIP1 FS bound versus unbound probe, suggesting that the methylation of these Gs interfered with the binding of SIP1 FS . This is strong evidence that these residues are essential for SIP1 FS binding. We also observed that the methylation of one of the two Gs localized very close to the SIP DO also interfered with the binding of SIP1 FS (middle lane, right panel). Consequently, we showed for SIP1 FS that two CACCT sequences, and their integrity, are required for DNA binding.
Using protein extracts prepared from COS cells expressing δEF1, we demonstrated that δEF1 also binds to XbraWT and, as for SIP1, the integrity of both CACCT sequences is required for binding ( Figure 2C ).
Mutations in either the upstream or downstream CACCT lead to ectopic activity of the Xbra2 promoter in transgenic frog embryos SIP1 binds to the Xbra2 promoter and represses expression of endogenous Xbra2 mRNA when overexpressed in Xenopus embryos (Verschueren et al., 1999) . To analyze the importance of CACCT sequences in the regulation of the Xbra2 promoter in vivo, we tested whether mutations of these would affect Xbra2 promoter activity in transgenic embryos. Xbra2 promoter sequences were fused upstream of the green fluorescent protein (GFP) gene and this reporter cassette was used for transgenesis. A 2.1 kb Xbra2 promoter fragment was shown to be sufficient to yield the reporter protein synthesis in the same domain of the embryo (85% of the embryos, stage 11, n ϭ 57) as compared with endogenous Xbra mRNA (which is in the marginal zone) except in the organizer region (W.Lerchner, personal communication), for which a regulatory element may be lacking in the reporter cassette tested here.
A single point mutation within the downstream CACCT site in the promoter, which disrupted SIP1 binding (Xbra2-Mut1; Figure 3A , lane 2) and is identical to XbraD, had a severe effect on spatial production of the reporter protein.
All embryos (n Ͼ30) showed ectopic expression in the inner ectodermal layer ( Figure 3B ). Mutations within the upstream CACCT sequence (Xbra2-Mut4) also affected SIP1 binding ( Figure 3A , lane 3); we observed in all transgenic embryos (n Ͼ30) the same ectopic expression as for the Xbra2-Mut1 mutation ( Figure 3B ). Mutation of the downstream CACCTG to CACCTA (Xbra2-Mut2) also affects SIP1 binding to the probe ( Figure 3A , lane 4). This mutation when introduced into the Xbra2 2.1 kb promoter also led to ectopic expression of GFP mRNA in all transgenic embryos tested (n Ͼ30; Figure 3B ). We also tested a mutation (Xbra2-Mut3) that decreased by 3 bp the original 24 bp spacing between the two CACCT sequences. This mutation weakened the interaction of the probe with SIP1 ( Figure 3A , lane 5). This was also reflected in the corresponding transgenic embryos (n ϭ 37): while 35% of the embryos showed the same expression pattern as the wild-type Xbra2 2.1 kb promoter fragment, 65% had either patches or weak continuous expression in the inner ectodermal cells ( Figure 3B ).
A good correlation between the effect of these mutations on SIP1 binding affinity in electrophoretic mobility shift assay (EMSA) and the phenotype (ectopic expression of the reporter gene), and its penetrance in vivo, was thus obtained, indicating the importance of the SIP1 target sites in the normal regulation of Xbra2 expression in Xenopus development (stage 11). It also suggests that a hitherto unknown Xenopus SIP1-like repressor regulates Xbra2 Table I ) or the downstream CACCT sequence (see elsewhere in Table I) gene expression in vivo. In addition, it confirms that SIP1-like factors require two intact CACCT sites for regulating target promoters like Xbra2.
Binding of full-length SIP1 and δEF1 to other candidate target promoters
The fact that two CACCT sites are required for the binding of full-length SIP1 and δEF1 may be unique for the Xbra2 promoter. Two CACCT sequences that are also part of E2 boxes are present in the promoter of the human α4-integrin gene (Postigo and Dean, 1997) . Combined mutation of these two CACCT sites led to the derepression of α4-integrin gene expression in myoblasts, and overexpression of δEF1 downregulated α4-integrin mRNA levels (Postigo and Dean, 1997) . Since these two sites are closely positioned in the promoter (the spacing is 34 bp), we investigated whether they are required for the binding of δEF1 and SIP1. A 60 bp probe encompassing both sites Table I ) Xbra2 promoter elements. (B) Whole-mount in situ hybridization for GFP mRNA of Xenopus embryos transgenic for a wild-type or point-mutated 2.1 kb Xbra2 promoter fragment driving a GFP reporter. All shown embryos were fixed at stage 11 and cleared for better visualization of the signal. Percentages are indicative of intermediary phenotype (i.e. 35% of transgenic embryos displayed the normal Xbra2 expression pattern and 65% showed ectopic expression). Marginal zone (MZ), inner ectodermal layer (IEL) and outer ectodermal layer (OEL) are indicated.
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of the α4-integrin promoter was synthesized (α4IWT) together with two mutated versions, of the same length but with a point mutation in either the upstream (α4IB) or the downstream (α4IA) CACCT site, respectively (see Table I ). SIP1 FS forms a strong complex with the α4IWT probe, which is entirely supershifted in the presence of anti-Myc antibody ( Figure 4A ). Although SIP1 CZF is at least 50-fold more concentrated than SIP1 FS (see above), we see that SIP1 CZF shifted approximately the same amount of probe, indicating that (like for XbraWT) SIP1 CZF has a 50-fold lower affinity than SIP1 FS for the α4IWT site. Both δEF1 ( Figure 4B , lane 4) and SIP1 (lane 1) formed a strong complex with the α4IWT probe. The δEF1 complex was supershifted with an anti-Myc antibody ( Figure 4B, lane 7) . The binding of both SIP1 and δEF1 was abolished or strongly affected, respectively, by the specific mutation of either the upstream or the downstream site (lanes 2-3 and 5-6). Moreover, competition experiments ( Figure 4C ) revealed that 50 ng of unlabeled α4IWT were sufficient to abolish the binding of SIP1 or δEF1, whereas 50 ng of either unlabeled α4IA or α4IB mutant probes were not. We conclude that SIP1 and δEF1 require the integrity of two CACCT sites for binding to the corresponding segment of the α4-integrin promoter.
Two CACCT sites (spaced by 44 bp) are present in the human E-cadherin promoter. A probe comprising these (EcadWT) was used in EMSA ( Figure 4D ). Both SIP1 (lane 1) and δEF1 (lane 4) formed a complex with this probe. When either the upstream (in EcadA) or the downstream (in EcadB) CACCT site was mutated, the binding of SIP1 and δEF1 was abolished or very strongly reduced. This confirms, with different promoters, that the two spaced CACCT sites represent a high-affinity site for the binding of SIP1 and δEF1.
From the alignment of the Xbra, α4I and Ecad wildtype probes (Table I) , we observed no obvious homology, except for one CACCTG site (also an E2 box) and a second CACCT site. Our results described above and this alignment therefore strongly indicate that only those promoter sequences participate in the binding of either SIP1 or δEF1, which requires at least one CACCT site and one CACCTG site.
Spacing variations and orientation of the CACCT sites
Within the Xbra2, α4-integrin and E-cadherin promoters, the spacing between the two CACCT sequences is 24, 34 and 44 bp, respectively. SIP1 and δEF1 bind to the respective probes, suggesting that these proteins can accommodate variable inter-CACCT spacing. To investigate further whether this spacing is important, we generated another panel of Xbra2 probes. Two (XbraB and -C) have a deletion of 3 bp in the spacing whereas XbraU has one of 10 bp. The three probes were tested in EMSA with SIP1 or δEF1 ( Figure 5 ). Both proteins bound XbraWT, -B, -C and -U probes in vitro (lanes 1-4). This indicates that within the same promoter element, the spacing between the two CACCT sites is not critical for the binding of these two factors.
By sequence comparison of the Xbra, α4I and Ecad wild-type probes, we observed that in the case of Xbra and α4I, the relative orientation of the two CACCT sites is CACCT-N n -AGGTG, whereas in Ecad it is AGGTG-N n -CACCT. Because of the non-palindromic nature of the CACCT site, these two sites could be assumed to be substantially different. However, SIP1 and δEF1 bound to both promoter segments with comparable affinity (see above). This suggests that full-length SIP1 and δEF1 can bind, irrespective of the relative orientation of the two CACCT sites. To investigate further the orientation of the two CACCT sites with respect to the DNA binding capacity of SIP1 and δEF1, additional probes were 5078 designed. XbraEE contains a tandem repeat of XbraE, whereas probe XbraErE contains an inverted repeat of XbraE. We also made XbraV, in which the upstream CACCT site (plus one extra base pair on each side) was replaced by the downstream AGGTG sequence, and vice versa. Finally, in XbraW, only the upstream site was replaced by the downstream CACCT sequence. We observed the strongest binding of both proteins to XbraEE ( Figure 5, lane 5) . Therefore, full-length SIP1 and δEF1 cannot bind to XbraE containing a single CACCT site ( Figures 1B and 2C, respectively) , but bind strongly when this sequence is duplicated. Both proteins bound to XbraErE ( Figure 5 , lane 6), demonstrating that the relative orientation of both CACCT sequences is not critical for binding. Switching of the sites (XbraV and -W) did not affect the binding of both proteins either. Thus, neither the spacing between the two CACCT sites nor their respective orientation is critical for DNA binding of SIP1 and δEF1 in vitro.
Not all duplicated and spaced CACCT sites are able to bind these proteins. XbraF, which in combination on the same DNA with XbraE (i.e. forming the XbraXW probe) was shown to be necessary for binding, was refractory to binding when duplicated [ Figure 5 , lane 9 for the inverted repeat (XbraFrF) and (data not shown) for the direct repeat]. This suggests that the CACCT site within the XbraF context is a low-affinity site and that sequences adjacent to it optimize the binding. In addition, the fact that neither SIP1 CZF ( Figure 1A ) nor SIP1 NZF (data not shown) could bind independently to XbraF confirms the assumption that this upstream site displays low affinity. In contrast, the downstream CACCTG site in XbraE can bind SIP1 CZF and SIP1 NZF . In fact duplication of this element creates a high-affinity binding site for both SIP1 and δEF1 (see above). This suggests that the extra G in the downstream site may discriminate a high-from a low-affinity site. Mutation in the Xbra2 probe of the downstream site to CACCTA (Xbra2-Mut2) strongly affected the binding of SIP1 FS ( Figure 3A) . This supports the importance of this G for high-affinity binding. Finally, when the short XbraE and XbraF probes were mixed prior to addition of SIP1 or δEF1, we did not observe any binding, again indicating that both CACCT sites have to be in the cis configuration ( Figure 6 , lane 10).
Mutations from the protein side: the two zinc finger clusters of SIP1 are required, and must be intact for binding to DNA and repressor activity In this part of our work, we wanted to evaluate the importance of each zinc finger cluster for the binding of SIP1 to DNA. Mutations destroying either the third or the fourth zinc finger of δEF1 NZF were shown to abolish the binding of this isolated cluster to DNA. Similarly, mutagenesis of the second or the third zinc finger in δEF1 CZF also abolished the binding to CACCT (Ikeda and Kawakami, 1995) . Therefore, we first introduced in SIP1 NZF and SIP1 CZF similar mutations. The mutated and wild-type clusters were fused to glutathione S-transferase (GST) and the fusion proteins were purified from bacteria. Figure 6A shows that both wild-type SIP1 NZF (lane 1) and SIP1 CZF (lane 4) bound strongly to XbraE. However, binding could not be detected with the same amount of purified mutant cluster-GST fusion proteins (GST-NZF3, GST-NZF4, GST-CZF2 and GST-CZF3; lanes 2-3 and 5-6). Thus, these mutations abolish the capacity of each cluster (SIP1 NZF and SIP1 CZF ) to bind independently to a CACCT site.
We subsequently introduced these mutations in fulllength, Myc-tagged SIP1 (NZF3-Mut, NZF4-Mut, CZF2-Mut and CZF3-Mut). The production of the mutant proteins in COS cells was confirmed, and their amounts normalized by Western blotting ( Figure 6D ). We observed ( Figure 6B ) that wild-type SIP1 bound strongly to XbraWT (lane 1); the SIP1 complex was supershifted with an antiMyc antibody (lane 6). In contrast, none of the mutant forms of SIP1 was able to form a complex either tested individually (lanes 2-5, 7 and 8) or in combination (lanes 9-14, see below). The same results were obtained with α4IWT probe (Figure 6C ). In conclusion, full-length SIP1 requires the binding capacities of both (intact) zinc finger clusters to bind to its target.
The effect of these mutations on the repressor activity of SIP1 was tested in a transfection assay together with p3TP-Lux reporter plasmid. This plasmid contains three copies, each of which has one CACCT, of a sequence covering the -73 to -42 region of the human collagenase promoter (de Groot and Kruijer, 1990) . SIP1 bound to a fragment containing this multimerized element ( Figure 7A ), but neither NZF3-Mut nor CZF3-Mut was able to bind (data not shown). Overexpression of SIP1 in CHO cells leads to a strong repression of the p3TP-Lux basal transcriptional activity ( Figure 7B ). SIP1 mutants defective in DNA binding (NZF3-Mut or CZF3-Mut) are strongly affected in their repressor activity ( Figure 7B ), but the SIP1 repressing activity is totally abolished only when using a double NZF3/CZF3 SIP1 mutant. We conclude that the integrity of both zinc finger clusters is necessary for both the DNA binding and optimal, i.e. wild-type repressor activity of SIP1.
SIP1 binds to DNA as a monomer
The observation that the integrity of both zinc finger clusters of SIP1 is required for its binding to two CACCT sequences, prompted us to test whether SIP1 binds as a monomer, implying a model in which each zinc finger cluster contacts one of the two CACCT sites. However, it can be hypothesized that SIP1 also binds as a dimer. In the latter model, one of the SIP1 proteins would bind one CACCT site via its NZF, while the second would contact DNA via its CZF. According to this model, appropriate combinations of protein extracts prepared from cells producing either NZF3-Mut or NZF4-Mut with CZF2-Mut or CZF3-Mut full-length SIP1 (see above) should generate a SIP1 dimer still competent to bind DNA. As shown for the individual mutants (see Figure 6B ), none of these combinations resulted in binding to XbraWT, indicating that SIP1 binds as a monomer.
To address this further, we used a combination of differentially tagged SIP1 proteins in supershift experiments in EMSA. First, we produced Myc-tagged and/or FLAG-tagged SIP1 separately to comparable levels in COS cells, and confirmed that both SIP1 proteins bound to DNA with similar affinity (data not shown). The SIP1 complex generated with Myc-tagged SIP1 had a slightly slower migration than the FLAG-tagged complex (the Myc tag is indeed longer than the FLAG tag). Similar amounts of both Myc-tagged and FLAG-tagged SIP1 were incubated with XbraWT. We observed the formation of a broad SIP1 complex ( Figure 8A, lane 1) , which was a combination of both the somewhat faster-migrating FLAGtagged SIP1 complex and the slower Myc-tagged SIP1 complex. Using an anti-FLAG antibody, only the lower complex containing FLAG-tagged SIP1 was supershifted, whereas~50% of the signal persisted within the Myctagged SIP1 complex (Figure 8, lane 2) . This indicates that the latter SIP1 complex is not supershifted with the anti-FLAG antibody. Conversely, incubating the extract with an anti-Myc antibody supershifted only the upper part of the complex corresponding to Myc-tagged SIP1, whereas 50% of the signal was retained within the FLAGtagged SIP1 complex (lane 3). These results show that no FLAG-tagged SIP1 was co-supershifted with SIP1 shifted by the anti-Myc antibody. Using both antibodies at the same time (lane 4), we observed the same two slowermigrating supershifted bands, which correspond to the Myc-tagged and FLAG-tagged supershifted complexes. If SIP1 dimers could be formed, then at least some heterodimers would be assembled from Myc-tagged SIP1 and FLAG-tagged SIP1. However, no other supershifted band that would correspond to a potential double supershift, i.e. supershifted with both anti-Myc-and anti-FLAG antibodies, was detected. Hence, this experiment gave no detectable formation of FLAG-tagged and Myctagged SIP1 heterodimers.
Finally, we incubated a large excess of XbraWT with equal amounts of FLAG-tagged and Myc-tagged SIP1. Subsequently, this reaction was immunoprecipitated with anti-FLAG antibody and the precipitate was analyzed by Western blotting using anti-Myc antibody. The coimmunoprecipitation of a Myc-tagged SIP1 within the FLAG-tagged SIP1 will support the formation of a dimer between Myc-tagged and FLAG-tagged SIP1 on the DNA. The reciprocal experiment, i.e. immunoprecipitation with an anti-Myc antibody and detection with an anti-FLAG antibody was also carried out. In both experiments, coimmunoprecipitation of Myc-tagged and FLAG-tagged SIP1 was not observed ( Figure 8B ). This argues against the formation of SIP1 dimer in the presence of DNA. Together, these results support a model in which SIP1 binds as a monomer to the XbraWT probe.
Discussion
SIP1 and δEF1 bind target DNA sites containing one CACCT and one CACCTG sequence We have studied the DNA binding properties of SIP1, a recently isolated Smad-interacting protein and a new vertebrate member of the emerging family of two-handed zinc finger transcription factors (Verschueren et al., 1999) . The organization of δEF1, the prototype member of this family, and SIP1 is identical. Both proteins contain two widely separated clusters of zinc fingers, which are involved in binding to DNA (Ikeda and Kawakami, 1995; Sekido et al., 1997 ; this study). The amino acid sequence homology is highest (Ͼ90%) within these two clusters, suggesting that both proteins would bind in an identical fashion to similar DNA targets. We demonstrate here that full-length SIP1 and δEF1 bind with high and comparable affinities to many different target sites, which always contain two CACCT sequences. For all the targets tested here, the integrity of both CACCT sequences is absolutely necessary for the binding of either SIP1 or δEF1. When mutations (either in the upstream or in the downstream CACCT) affecting the binding of SIP1 were introduced in the 2.1 kb Xbra2 promoter, we observed ectopic expression of the GFP marker in transgenic Xenopus embryos. The marker protein is then found in the majority of ectodermal and mesodermal cells, whereas Bra protein and GFP mRNA (in the XbraWT transgene) are found exclusively in mesoderm. We believe that expression in these ectopic sites is the result of the absence of binding of a SIP1-like protein and its transcriptional repression. In addition, these in vivo data confirm our in vitro evidence, i.e. SIP1/δEF1-like transcription factors require two intact CACCT sites for binding to and regulation of the Xbra2 promoter.
Not all promoter regions containing two CACCT sequences represent SIP1 or δEF1 binding sites. Notably, a duplicated XbraF probe, which contains the upstream CACCT of XbraWT, is refractory to binding of SIP1 and δEF1. Although this upstream CACCT sequence is unable to bind SIP1 CZF or SIP1 NZF , it is contacted by full-length SIP1 in the context of the XbraWT probe. Indeed, this upstream sequence is a prerequisite for the binding of SIP1 FS to XbraWT. Thus, when the upstream CACCT is combined in cis with another high-affinity CACCTG site (XbraE), this low-affinity site (XbraF) can bind SIP1 FS . We therefore propose a model in which SIP1 FS contacts its target promoter via the binding of one of its zinc finger clusters to a high-affinity CACCTG sequence (e.g. XbraE), which is followed by the contact of the low-affinity CACCT site (XbraF) by the second cluster, and this additional contact strongly stabilizes SIP1 binding. Therefore, a CACCT site may still have an important function in the regulation of gene expression, while even on its own it does not bind SIP1 NZF , or SIP1 CZF and SIP1 FS .
The DC5 probe from the δ1-crystallin enhancer was previously shown to bind δEF1 specifically . This probe contains only one CACCT sequence. Therefore, despite having demonstrated here that highaffinity binding sites for δEF1 should contain one CACCT sequence and one CACCTG sequence, which is new for the field, we cannot exclude that in particular cases (such as the DC5 probe) one CACCT site would be sufficient for the binding of this type of transcription factor. However, for testing the repressor activity of δEF1, exclusively a reporter made with eight copies of the DC5 element was used . Therefore, the multimerization of this element generated reiterated CACCT sequences that may fortuitously have created a potential high-affinity site for δEF1. SIP1 FS does not bind to XbraE whereas SIP1 CZF and SIP1 NZF bind to this probe. None of the fulllength SIP1 proteins with zinc finger mutations (i.e. NZF3-Mut, NZF4-Mut, CZF2-Mut and CZF3-Mut) binds to XbraWT containing two CACCT sites, despite the mutant proteins having one intact zinc finger cluster. It can be speculated that SIP1 CZF and SIP1 NZF are hindered in the context of full-length wild-type SIP1 via intramolecular association. This association would be impaired only when the two CACCT sites are present, allowing both zinc finger clusters to bind DNA.
In addition, we demonstrated convincingly that the integrity of both zinc finger clusters is necessary for the binding of SIP1 to several bipartite elements. Similarly, it was shown previously that the integrity of both zinc finger clusters of δEF1 is also necessary for its binding to DNA and repressor activity . However, mutant mice carrying CZF-deleted δEF1 show a defect in T-cell development (Higashi et al., 1997) while those completely lacking δEF1 display multiple skeletal defects as well (Takagi et al., 1998) . Therefore, it was concluded that a form of δEF1 lacking CZF can still support skeletal development normally. Consequently, we cannot exclude the possibility that some functionality of these transcription factors may result from the binding of a single zinc finger cluster to one CACCT target. In this respect, we saw that a mutant version of SIP1 containing only one intact zinc finger cluster still displayed a weak repressor activity in the 3TP-lux assay upon overexpression. This may result from the low-affinity binding of this overexpressed SIP1 mutant to one CACCT site.
Mode of SIP1 DNA binding
The independent CZF and NZF clusters of SIP1 or δEF1 bind to CACCT-containing consensus sequences because within SIP1 and δEF1, NZF3 and NZF4 share an extensive amino acid sequence homology with CZF2 and CZF3, respectively. We have shown that full-length SIP1 and δEF1 require two CACCT sequences for binding to several potential target sites. In addition, we demonstrated that the integrity of both zinc finger clusters is necessary for the binding of SIP1 to these bipartite elements and that SIP1 binds as a monomer. We propose that SIP1 and δEF1 would bind to their target elements by having one zinc finger cluster contacting one of the CACCT sites, while the other cluster contacts the second CACCT site (Figure 9 ).
We showed also that neither the relative orientation of the two CACCT sequences nor the spacing between these sequences is critical for the binding of SIP1 FS or δEF1 in vitro. This suggests that the structure of these transcription factors is highly flexible. The long linker region between the two zinc finger clusters within SIP1 and δEF1 may confer this flexibility. These transcription factors can bind to sites containing CACCT sequences separated by at least 44 bp (in Ecad), suggesting that a region of~50 bp of promoter sequences might be less accessible to other transcription activators. This might be one mechanism by which SIP1 or δEF1 could function as transcriptional repressors.
Other families of transcription factors may bind DNA with a mechanism similar to SIP1/δEF1 The new mode of DNA binding presented here for SIP1 and δEF1 may also be generalized to other transcription factor families which, like SIP1 and δEF1, contain separated clusters of zinc fingers, like those of the MBP/ PRDII-BF1 family (Fan and Maniatis, 1990; van't Veer et al., 1992; Seeler et al., 1994; Arora et al., 1995; Grieder et al., 1995) . As in SIP1 and δEF1, the conservation of their zinc finger clusters is very high between the different members of this family (Arora et al., 1995) . In addition, their C-terminal cluster is very homologous to their N-terminal cluster and, in the case of PRDII-BF1, these clusters bind to the same sequences when tested independently (Fan and Maniatis, 1990) . Therefore, PRDII-BF1 may indeed bind to two reiterated sequences via two zinc finger clusters. Similarly, well-studied members of the NZF family also have two widely separated clusters of zinc fingers (Kim and Hudson, 1992; Jiang et al., 1996; Yee and Yu, 1998) , and MyT1, NZF-1 and NZF-3 all bind to the same consensus element AAAGTTT. Like SIP1 and δEF1, which show a significantly higher affinity to promoter segments containing two spaced CACCT sequences, an element containing two AAAGTTT sequences demonstrated a markedly higher affinity for NZF-3 (Yee and Yu, 1998) . This suggests that two AAAGTTT sequences are also necessary to create a highaffinity binding site for these factors, and that they may bind DNA similarly to SIP1 and δEF1. The Evi-1 protein, another type of zinc finger protein, with seven zinc fingers at the N-terminus and three zinc fingers at the C-terminus, binds to two targets. It binds to a complex consensus sequence (GACAAGATAAGATAA-N 1-28 -CTCATCTTC) via a mechanism that may involve the binding of its NZF to the first part and the binding of its CZF to the second part (Morishita et al., 1995) . In conclusion, the novel mode of DNA binding described here for SIP1 and δEF1 may be more universal.
SIP1 was cloned as a Smad1-interacting protein but also interacts with Smad2, Smad3 and Smad5 (Verschueren et al., 1999) . Smad proteins are signal transducers involved in the TGF-β family signaling cascade (Kretzschmar and Massagué, 1998) . Upon binding of TGF-β ligands to the serine/threonine kinase receptor complex, the receptor-regulated Smad proteins are phosphorylated by type I receptors and accumulate in the nucleus where they modulate transcription of target genes. The interaction between SIP1 and Smads is only observed upon ligand stimulation, indicating that Smads need to be activated before they are capable of interacting with SIP1 (Verschueren et al., 1999) . Evi-1, a transcription factor (Nucifora, 1997 ) that may bind DNA by a mechanism similar to that of SIP1, is a Smad3-interacting protein (Kurokawa et al., 1998) . So far, it has been shown that Evi-1 inhibits the binding of Smad3 to DNA but it remains to be investigated what the effect of nuclear Smad3 on binding of Evi-1 is on its targets in TGF-β-treated cells.
Schnurri, which is the Drosophila homolog of the human PRDII-BF1 transcription factor, is a protein that may also bind DNA by a mechanism similar to that of the SIP1 protein. Interestingly, Schnurri was proposed to be involved in the dpp signaling pathway (Arora et al., 1995; Grieder et al., 1995) . Dpp is a member of the 5082 TGF-β family. More recent genetic studies in Drosophila indicate strongly that Schnurri is likely to be a nuclear target for the Mad protein, the homolog of the vertebrate Smads (Henderson et al., 1999) . Therefore, the novel mode of DNA binding presented here may be shared by other multi-zinc finger transcription factors interacting with Smads.
Materials and methods

Plasmid constructions
For expression in mammalian cells, (Myc) 6 -tagged SIP1 (Verschueren et al., 1999) and δEF1 (Funahashi et al., 1993) cDNAs were subcloned into pCS3 (Rupp et al., 1994) . SIP1 cDNA was also cloned into pCDNA3 (Invitrogen) as an N-terminal fusion with the FLAG tag. For the production of SIP1 NZF and SIP1 CZF , we subcloned into pCS3 the cDNA fragments encoding amino acids 1-389 and 977-1214, respectively (Verschueren et al., 1999) . SIP1 CZF (as amino acids 957-1156) and SIP1 NZF (amino acids 90-383) were also produced in E.coli as a GST fusion protein and purified using the GST purification module (Amersham/Pharmacia Biotech).
Mutagenesis of NZF3, NZF4, CZF2 and CZF3 modified CCHH zinc fingers to CCSH (NZF3, CZF2 and CZF3) and the CCHC finger (NZF4) to CCSC (Ikeda and Kawakami, 1995) . Mutations (underlined) were introduced using PCR with the following primers: SIP1 NZF3Mut , 5Ј-CCA-CCTGAAAGAATCCCTGAGAATTCACAG; SIP1 NZF4Mut , 5Ј-GGG-TCCTACAGTTCATCTATCAGCAGCAAG; SIP1 CZF2Mut , 5Ј-CACCAC-CTTATCGAGTCCTCGAGGCTGCAC; SIP1 CZF3Mut , 5Ј-TCCTACTC-GCAGTCCATGAATCACAGGTAC.
Mutated clusters were recloned in full-length SIP1 in order to produce the SIP1 proteins named NZF3mut, NZF4mut, CZF2mut and CZF3mut, respectively. They were also subcloned into pGEX5-X2 (Amersham/ Pharmacia Biotech), and produced in E.coli as GST fusion proteins.
The p3TP-Lux and the Xbra2-GFP vectors have been described previously (Wrana et al., 1992; Latinkic et al., 1997) . Mutants of the Xbra2 2.1 kb promoter fragment were produced using the following oligonucleotides: Xbra2-Mut1, 5Ј-GTAAGAACTGACATCTGGTC-ACTCTTTATCAT; Xbra2-Mut2, 5Ј-GTAAGAACTGACACCTAGTC-ACTTTATCAT; Xbra2-Mut3, 5Ј-CACTT-TATCATTCTATATAGGTG-GCCTGGATAG; Xbra2-Mut4, 5Ј-CACTTTATCATTCTATATTTTCC-ATGGCCTGGATAGATTG.
Cell culture, DNA transfection and luciferase assay COS1 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). CHO cells were grown in HamF12 medium with 10% FBS. COS1 and CHO cells were transfected using Fugene according to the manufacturer's protocol (Boehringer Mannheim), and collected 30-48 h after transfection. Luciferase activity produced from 3TP-Lux was measured using the luciferase assay system (Promega). The same limiting amount of pCMVβGal expression vector was also co-transfected in each sample, for normalization of the luciferase activity with the transfection efficiency.
Electrophoretic mobility shift and methylation interference assays
The XbraWT probe covers the region from -344 to -294 of the Xbra2 promoter (Latinkic et al., 1997) . The region between -412 and -352 of the human α4-integrin promoter is present within α4IWT (Rosen et al., 1994) . Probe EcadWT contains the region between -86 and -17 of the human E-cadherin promoter (Bussemakers et al., 1994) . Doublestranded oligonucleotides were labeled with [γ-32 P]ATP and T4 polynucleotide kinase (New England Biolabs). The 150 bp probe from p3TP-Lux (Wrana et al, 1992) was obtained after digestion of the plasmid with Asp718 and BamHI, dephosphorylation of the fragment with shrimp alkaline phosphatase (Boehringer Mannheim), and labeling with [γ-32 P]ATP and T4 polynucleotide kinase.
Total cell extracts were prepared from COS1 cells (Ray et al., 1992) transfected with different pCS3 vectors allowing synthesis of full-length SIP1 and δEF1, and different mutant forms of SIP1, or co-production of equal amounts of Myc-tagged SIP1 and FLAG-tagged SIP1. GST-SIP1 fusion proteins were purified from E.coli extracts (see above), and tested in gel retardation. The DNA binding assay (20 μl final volume) was carried out at 25°C, with 1 μg of COS1 total cell protein, 1 μg of poly (dI-dC), 10 pg of 32 P-labeled double-stranded oligonucleotide (10 4 Cerenkov counts) in δEF1 binding buffer (Sekido et al., 1994) . For supershift experiments, the extracts were incubated with anti-Myc (Santa Cruz) or anti-FLAG (Kodak) antibody. The mixtures were loaded onto a 4% polyacrylamide gel prepared in 0.5ϫ TBE buffer. Following electrophoresis, gels were dried and exposed to X-ray film. All experiments were repeated at least three times.
For the methylation interference assay, the upper and lower strands of XbraWT were labeled separately and annealed with excess of complementary DNA strand. Subsequent steps were performed according to standard procedures (Ausubel et al., 1998) .
Xenopus laevis transgenesis and whole-mount in situ hybridization Xenopus embryos transgenic for Xbra2-GFP were generated as described previously (Kroll and Amaya, 1996) , with the following modifications. A Drummond Nanoinject was used for injecting a fixed volume of 5 nl of sperm nuclei suspension per egg, at a theoretical concentration of two nuclei per 5 nl. NotI was used for plasmid linearization and nicking of sperm nuclei. Approximately 800 eggs were injected per egg extract incubation. The procedure resulted in a successful cleavage of the embryo, which rates between 10 and 30%. Of these, 50-80% completed gastrulation and 20-30% developed further into normal swimming tadpoles, if allowed. The transgenic frequency, as analysed by expression, varied between 50 and 90%. Embryos were staged according to Niewkoop and Faber (1967) . A minimum of 30 expressing embryos were analysed per construct and shown stage. Whole-mount in situ hybridization for the GFP reporter gene was as described previously (Latinkic et al., 1997) . After colour detection, embryos were dehydrated and cleared in a 2:1 mixture of benzyl alcohol/benzyl benzoate.
